Proton and formic acid permeabilities were measured in the in vivo microperfused rat proximal convoluted tubule by examining the effect on intracellular pH when [HI and/or [formic acid] were rapidly changed in the luminal or peritubular fluids. Apical and basolateral membrane H permeabilities were 0.52±0.07 and 0.67±0.18 cm/s, respectively. Using these permeabilities we calculate that proton backleak from the luminal fluid to cell does not contribute significantly to net proton secretion in the early proximal tubule, but may contribute in the late proximal tubule. Apical and basolateral membrane formic acid permeabilities measured at extracellular pH 6.62 were 4.6±0.5 X 10-0 and 6.8±1.5 X 1Q-2 cm/s, respectively. Control studies demonstrated that the formic acid permeabilities were not underestimated by either the simultaneous movement of formate into the cell or the efflux of formic acid across the opposite membrane. The measured apical membrane formic acid permeability is too small to support all of transcellular NaCl absorption in the rat by a mechanism that involves Na/H-Cl/formate transporters operating in parallel with formic acid nonionic diffusion.
Introduction
Transepithelial bicarbonate absorption in the proximal convoluted tubule (PCT)' involves apical membrane H secretion that is mediated by an Na/H antiporter and probably an Htranslocating ATPase (1) . Base generated within the cell exits across the basolateral membrane via the Na(HCO3)3 symporter (1) . Across both membranes the electrochemical driving force for passive H movement is from either the luminal or peritubular fluid into the cell. The backleak of H from lumen to cell across the apical membrane is counterproductive to HCO3 absorption. Conversely, the leak of H across the basolateral membrane from peritubular fluid to cell is equivalent to base efflux, and thus supports transepithelial HCO3 absorption. 1 . Abbreviations used in this paper: BCECF, (2',7')-bis-(carboxyethyl)-(5,6)-carboxyfluorescein; PCT, proximal convoluted tubule; pHi, intracellular pH. 30 -60% of NaCi absorption in the late proximal tubule has been shown to be electroneutral and transcellular (2) (3) (4) (5) (6) . Recently, NaCl uptake across the apical membrane has been proposed to be mediated by parallel Na/H-Cl/formate exchangers (7) (8) (9) (10) . Such a mechanism of NaCl uptake requires that formic acid recycle across the apical membrane at a rate equal to the rate of transcellular chloride absorption. Karniski and Aronson (7) demonstrated that formic acid could enter brush border membrane vesicles by nonionic diffusion, but did not measure the formic acid permeability.
The purpose of the present studies was to measure the H and formic acid permeabilities of the apical and basolateral membranes of the rat PCT perfused in vivo. Membrane permeabilities were measured by examining the effect on intracellular pH (pHi) of an H or formic acid gradient. From these measurements, the contributions of cellular leak pathways to net NaHCO3 and NaCl absorption are estimated.
Methods
Rats were prepared for in vivo microperfusion as described previously (11) . Rats received an intravenous infusion at 1.5 cm3/h of Ringers' bicarbonate containing (in millimolar): NaCi, 105; NaHCO3, 25; Na2HPO4, 4; KCI, 5; MgSO4, 1; and CaCl2, 1.8. Capillary and luminal pipettes were placed as previously described (12, 13) . Cells were loaded for 6 min with the acetoxymethyl derivative of (2',7')-bis-(carboxyethyl)-(5,6)-carboxyfluorescein (BCECF), and then studied using luminal and peritubular perfusion as previously described (12, 13) . In our system luminal and peritubular fluid changes are 90% complete in < 1 s. The luminal and peritubular capillary perfusates are listed in Analysis and calculations Measurement ofpHi. As described previously (12) , fluorescence was measured alternately at 500-and 450-nm excitation (emission 530 nm) using an epifluorescence microscope with interference filters. All results were corrected for background. An excitation ratio (F5so/F450) was then calculated and the results of our previous intracellular dye calibration (14) used to convert fluorescent excitation ratios to an apparent pHi.
Rate ofchange in pHi. The initial rate of change in pHj (dpHj/dt) was calculated as described previously (12) . Briefly, during a fluid change fluorescence was followed with 500-nm excitation (pH-sensitive wavelength) on a chart recorder. The slope of a line drawn tangent to the initial deflection defined the initial rate of change of 500-nm was given by the formula:
where [NHW] (18) .
Because the actual membrane surface areas are similar for apical and basolateral membranes (18) , similar surface area corrections were used for basolateral membrane permeabilities.
2. The ionic strength of solutions [1] [2] [3] [4] [5] [6] [7] 
Results

Membrane permeability to protons
In the first series of studies the H permeabilities of the apical and basolateral membranes were measured by examining the rate of change in pHi in response to a change in [H] of the luminal or peritubular fluid, respectively. As in all of the permeability studies described below, Na and Cl were completely removed from luminal and peritubular perfusates to prevent contributions from transporters coupled to these ions. In this series both the lumen and capillaries were initially perfused with an Na-and Cl-free solution of pH 7.31 (Table I , solution 1). When luminal perfusate pH was rapidly changed to 5.50 (Table I , solution 5), pHi decreased from 7.58±0.08 to 7.39±0.10. A typical tracing is shown in Fig. 1 . In six tubules the initial rate of change of pHi was 1.14±0.14 pH units/min (dpHjdt; Table II) . A similar pH change in the capillary perfusate caused pHi to decrease from 7.46±0.13 to 7.29±0.16 at an initial rate of 1.46±0.40 pH units/min (n = 6; Table II ). The alkaline pHi observed before luminal or peritubular fluid acidification agrees with previous findings by us in tubules perfused in the absence of Na, and is due to inhibition of base exit (12) .
To convert these initial rates of change in pHi to an initial rate of change in H-equivalent flux across the membrane, the buffer capacity (p3) of the cell was measured using the technique of NH3/Nrn addition as described previously (14, 17) . In these studies initially both the lumen and capillaries were perfused with solution 1 (Table I ). The capillary fluid was then rapidly changed to one that was similar except that 15 mM NHW7 was substituted for 15 mM choline (Table I, solution 7).
As described in Methods, buffer capacity was calculated from the initial pH, change. In seven tubules ,B = 64±12 mmol/ liter-pH unit. This value is similar to the value previously reported by us in the presence of Na and Cl of 75 mmol/ liter* pH unit (14). The present lower, though not statistically different, value reported in this series may be attributable to the lack of contribution of Na-and Cl-coupled transporters in this series.
Eq. 3 was then used to calculate the initial rate ofchange in H flux represented by the dpHjdt measurements. For the apical membrane this initial flux was 92±12 pmol/mm min (Table II) change in H flux of 11 8±32 pmol/mm* min and an H permeability of 3.79±1.04 X 104 nl/mm min (0.67±0.18 cm/s)3 (Table II) . Interestingly, the apical and basolateral membrane H permeabilities were similar.
Membrane permeability toformic acid Formic acid permeability measured at pH 5.50. In the next series of studies the formic acid permeability of the apical and basolateral membranes was measured. For these studies both the lumen and capillaries were initially perfused with solution 1 (Table I) , and then changed to solution 6 (pH 5.50 plus 20 mM total formate; Table I) in either the lumen or capillary compartments. Fig. 2 (left) shows a typical tracing. When the luminal perfusate was rapidly changed, pHi decreased from 7.44±0.08 to 6.73±0.06 at an initial rate of 3.60±0.48 pH units/min (Table III) . Using Eq. 6 the initial rate of change in H and formic acid flux (4Tw) was 289±38 pmol/mm * min.
Using Eq. 5 this value was corrected for the H flux associated with the pH change (92 pmol/mm -min; Table II Table III ). This yielded a basolateral membrane formic acid permeability of 458±26 nl/mm-min (0.8±0.1 X 10-2 cm/s) (Table III) . Once again the apical and basolateral membrane permeability values were very similar.
Response to symmetricalformate addition. As will be discussed later, the measured formic acid permeability is not sufficiently large to explain all of transcellular NaCl absorption. One concern in these studies was that the measured formic acid permeabilities were being significantly underestimated by the rapid flux of formic acid across the epithelium into the opposite fluid compartment which was serving as a "sink." To address this issue we performed studies as described above, except that simultaneous luminal and capillary fluid changes were made. We reasoned that if our measurements of formic acid permeability were correct, the flux measured with simultaneous fluid changes should approximately equal the sum of the fluxes of each of the membranes. On the other hand, if there was significant formic acid effilux from the cell to the opposite fluid compartment in the above studies, simultaneous fluid changes should lead to a flux far greater than the sum of the apparent fluxes of the two membranes. For these studies, in the control condition both the lumen and capillaries were perfused with solution 1 (Table I) . The luminal and capillary fluids were then simultaneously changed to a pH 5.50 solution containing 20 mM total formate (Table I, solution 6 ). In response to these changes, pHi rapidly acidified from spectively), demonstrating that the individual membrane measurements were not being significantly underestimated by a flux offormic acid across the epithelium into the opposite fluid compartment. Formic acid permeability measured at pH 6.62. A second possible concern in the above measurements was that formic acid permeability was being measured at the nonphysiologic extracellular pH of 5.50. Therefore, we repeated this measurement at extracellular pH 6.62. A pH of 6.62 approximates the luminal pH where carbonic anhydrase-independent HCO3 absorption and NaCl absorption occur (see Discussion). Also, so that no correction for effects of a pH change was required, pH was similar in control and experimental periods. A typical tracing is shown in Fig. 2 (right) .
Lumen and capillaries were initially perfused with a solution of pH 6.62 (Table I, (25) found that formic acid permeability in egg phosphatidylcholine-decane and bacterial phosphatidyl ethanolamine-squalene lipid bilayers ranged from 0.004 to 0.01 cm/s. Assuming that brush border microvilli increase the apical surface area 36-fold (18) , this would be equivalent to an apical membrane permeability of 14-36 X 10-2 cm/s (normalized for cylindrical surface area).
In comparing nonelectrolyte permeabilities in lipid bilayers with those in biological membranes, the effect of cholesterol content of the membrane must be considered. Finkelstein has demonstrated that the addition ofcholesterol reduces the bilayer permeability to nonelectrolytes (26) . Formic acid permeability measured in red blood cells (RBC) (-1:1 ratio phospholipid/cholesterol) is approximately fivefold smaller than formic acid permeability measured in egg phosphatidylcholine-decane and bacterial phosphatidylethanolamine-squalene lipid bilayers (25) . Brush border membranes also have a 1:1 ratio of phospholipid/cholesterol (27) , and our measured formic acid permeability is 2-6 times smaller than that in cholesterol-free phospholipid bilayers, and very similar to that in red blood cells (4.6 X 10-2 cm/s vs. 5.5 X 10-2 cm/s [28] [normalized for cylindrical area], respectively).
Formic acid recycling across the apical membrane in NaCi absorption. Apical membrane NaCl uptake is inhibited by luminal amiloride and disulfonic stilbenes (29) (30) (31) , implying that it is mediated by Na/H exchange operating in parallel with Cl/base exchange. While vesicle studies have found apical membrane Cl/OH exchange (1), Karniski and Aronson (7) found much faster rates of Cl/formate exchange. Studies in intact tubules have confirmed the presence of formate-independent and -dependent Cl/base exchange, with the formatedependent transporter being faster (9, 10). Schild et al. (8) found that addition of small concentrations of formate to luminal and peritubular fluids ofthe proximal tubule stimulated volume (and presumably NaCl) absorption. These results are all consistent with apical membrane NaCl uptake mediated by Na/H exchange in parallel with C1/OH and Cl/formate exchange. In order for parallel Na/H and Cl/formate exchange to mediate NaCl uptake across the apical membrane, formic acid must recycle across the apical membrane at a rate equal to the rate of this mode of transcellular NaCl absorption. Alpern et al. (3) demonstrated that the rate of transcellular NaCl absorption in the rat PCT was -100-130 pmol/mm min. In these studies, while solvent drag could not explain the entire transcellular flux, it could have contributed and led to somewhat of an overestimate of the transcellular flux.
The rate of formic acid movement across the apical membrane can be calculated from the equation HFpi'= PHFapicl. One possible explanation for higher than calculated rates of formic acid recycling is a luminal unstirred layer. If such an unstirred layer was present, parallel apical membrane Na/H and Cl/formate exchangers would establish a high local total formate concentration and a low local pH. However, the unstirred layer would need to create at least an eightfold increase in the driving force for formic acid recycling to account for 50% of the measured rate of transcellular NaCl absorption.
In addition to Cl/formate exchange with formic acid recycling, a significant fraction of NaCl absorption may be mediated by Cl/OH exchange with H20 recycling. While rates of Cl/formate exchange exceed rates of Cl/OH exchange in vesicle and tubule studies (7, 9, 10) , the abundance of H20 compared with formic acid may allow the Cl/OH exchanger to play a greater role in NaCl absorption. Indeed, in the studies of Schild et al. (8) , -50% of transcellular NaCl absorption remained in the absence of formate. Other possible mechanisms for NaCl uptake, which would not require formic acid recycling, include Na/formate cotransport operating in parallel with Cl/formate exchange. While formate does not compete with lactate on the Na/lactate cotransporter (32) , the existence of a separate Na/formate transporter has not been ruled out. Another possible mechanism is Na/H exchange operating in parallel with Cl/oxalate exchange with oxalic acid recycling. There is evidence for Cl/oxalate exchange in brush border membrane vesicle studies (33) , but oxalic acid permeability and the contribution of this mechanism to NaCl absorption have not been quantitated.
Carbonic acid (H2COJ recycling. Carbonic anhydrase, located on the apical membrane and in the cytoplasm, contributes to HCO3 absorption by catalyzing the effective dehydration of luminal H2CO3 to C02, and rehydration of cellular CO2 to H2CO3, thus ensuring that the secreted H is recycled. While inhibition of carbonic anhydrase significantly inhibits proximal tubular HCO3 absorption, it is interesting to note that a significant flux of HCO3 absorption persists. This small carbonic anhydrase-independent HCO3 flux, pmol/ mm* min (34) (35) (36) (37) (38) (39) , is greater than can be explained by the uncatalyzed rates of luminal H2CO3 dehydration and cellular CO2 hydration, making it unclear how the secreted H would recycle from lumen to cell for a continued supply of intracellular H. Rector et al. (40) proposed that H2CO3 itself could recycle across the apical membrane. Because CO2 diffusion is rapid, it has been considered impossible to directly measure H2CO3 permeability.
If formic acid permeability is used as an estimate of carbonic acid permeability, the flux of carbonic acid across the apical membrane (oHM" ' 
